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Simulations are required for risk assessment of CO2 
leakage 
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•Primarily variable parameters  
 

 
 

•Primarily uncertain parameters 
 

 
-Imprecision based on 
limitations in thoroughness and 
or measurements 
 
-Can be reduced 
 
-Use stochastic methods 
 

-Imprecision due to actual 
differences among members of a 
population 
 
-Cannot be reduced (only more 
accurately characterized) 

And we incorporate uncertainty and variability into the 
approach 



Modeling fully kinetic reactive transport is computationally 
expensive 
  Hammond et al. 2007, Hammond et al. 2010.  
 
 

Because… 
 

Reactive transport includes complex hydrological and chemical 
processes. 
  e.g. Cirpka and Kitanidis, 2000; McLaughlin and Ruan, 2001;  Green et al. 2010; Le 
Borgne et al. 2010.  

 
 
Specific to CO2 leakage, reactive transport may occur over a large 
area, necessitating large model domains. 
e.g. Carroll et al., 2009;  Zeng et al., 2009; Apps et al., 2010; Wilken et al., 2011; Siirila 
et al., 2012 

 
 
 



Simplifications necessary to reduce computational 
needs 

Wang and Jaffe, 2004 Geochemically simple 
 

Constant velocity 
 

Galena as only source of Pb 



First steps of this work were to develop a CCS 
CO2 leakage framework 

Risk assessment is well established: (Bogen and Spear, 1987; McKone 1987; Massmann, and 
Freeze, 1987; Freeze, et al., 1990; Mckone, and Bogen, 1991; Mckone, and Bogen, 1992; Andričević et al.,  
1994; Pelmulder et al., 1996; Andričević, Cvetković, 1996; Bogen, and Gold, 1997; Maxwell et al., 1998; 
Maxwell, and Kastenberg, 1999; Maxwell, and Kastenberg, 1999; Maxwell, et al., 1999; Uricchio, et al., 2004; 
Ozbek, M. and Pinder, 2006; Li et al., 2007; Maxwell et al., 2008; Bolster and Tartakovsky, 2008; de Barros and 
Rubin, 2008; de Barros et al., 2009, Siirila et al., 2012, Siirila and Maxwell, 2012, Siirila and Maxwell, 2012b) 

 
Risk in CCS has been studied in terms of: 
• CO2 storage failure (Price and Oldenburg, 2009) 

• Probability and degree to which a leak occurs (Kopp et al., 2010; et al., 2010; LeNeveu, 2008; 
Vivalda et al., 2009) 

 

A framework which quantifies the risk to human health in CCS has yet 
to be developed 

• Needed as a decision-making tool in the large scale implementation of CCS 
• Needed to protect drinking water resources (and therefore the general 

public of consumers) 

Publication: 
Siirila, E.R., Navarre-Sitchler, A.K., Maxwell, R.M., and McCray, J.M.  A quantitative methodology to assess 
the risks to human health from CO2

 leakage into groundwater, Advances in Water Resources 2012. 
 



A: Contamination source 
B: Heterogeneous subsurface flow and contaminant transport  
C: Possible capture in one or more down-gradient wells 
D: Water delivery system to many different households 
E: Exposure and health risk via multiple pathways to varying individuals 

After: Maxwell et al 1998, 1999, 2008; Maxwell and Kastenberg 1999;  Siirila et al., 2012 





 Exposure Time : 
Average Daily Dose (ADD) 

 
 

 
 

Toxicity Value:  
Cancer Potency Factor (CPF) 

  
 
 

Carcinogenic risk is defined by a toxicity parameter, exposure 
time parameters, and by the environmental concentration 

Environmental concentration:   
 
 
 
 
 

   

Siirila et al., AWR, 2012 



 Exposure Time: 
 
 

 
 

Toxicity Value: 
  
 
 

There is considerable uncertainty and variability in 
each of these categories 

Environmental concentration:   
 
 
 
 
 

   

• Dose-response 
variation in tested 
populations 

• Extrapolations from 
animals to humans 

• Extrapolation from 
sub-chronic to chronic 
studies 

• Natural physiological 
variation in individuals 

• Variation in exposure 
durations and frequencies 

• Lack of knowledge in hydraulic 
properties and their spatial 
persistence 

• Effect mixing and therefore 
concentration dilution 

• Uncertainty in geochemical 
processes, well capture, etc. 



Monte Carlo Technique: Uncertainty in K 
• Uncertainty in subsurface properties is substantial (mainly hydraulic 

conductivity, K) and determines flow pathways, arrival times, 
concentrations, etc. 
 

• Identified as a driver of uncertainty in groundwater risk assessment (Maxwell 
et al., 1999; Maxwell et al., 2008; de Barros et al., 2009, Siirila et al., 2012, Siirila and Maxwell, 2012) 

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 10 20 30 40

Time (d)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

0 10 20 30 40

Time (d)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

0 10 20 30 40

Time (d)

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

0 10 20 30 40

Time (d)

- σ 

+ σ 

Co
nc

en
tr

at
io

n 
(m

g/
L)

 

Time (y) 
n random 
fields, all 
honoring 

global 
statistics 



Outer, Uncertainty Loop 

We use a nested Monte Carlo 
approach 
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Which results in a surface of risk 

   10-6    10-4  
(1 in in 1,000,000)   (1 in 10,000) 

 

Remediation  
is  

warranted 

”de minimis”, or negligible risk that is 
too small to be of societal concern; 

“virtually safe”   
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Leakage Source 

Wells 

•Steady-state leakage source: 
(1) Percent metal present  
 (simulated As and Pb);  
(2) percent calcite present;  
(3) volume of CO2 intruded  
 

•Far-field:  
• Large aquifer size (4 x 1 x 0.1) [km] 
• Fine cell discretization (3.0 x 3.0 x 0.3) [m] 
• Two ensembles of differing stratification 

Numerical Experiments 

~150,000,000 cells 
for 200 realizations 

Siirila et al., AWR, 2012 



λh 

We quantifying uncertainty and spatial 
persistence in subsurface properties 

Correlations of heterogeneity can be described using relationships such as: 

 

 

 

Where ‘lag’ is the separation distance (m), and λ is the correlation length in 
the horizontal or vertical flow direction (m) 

ε = λv / λh 

λv 



“Highly Stratified” 
ε = 0.006 (-) 

“Less Stratified” 
ε = 0.1 (-) 

K (m/d) 

Siirila et al., AWR, 2012 

ε = λv / λh 



*** A stratified aquifer experiences less plume mixing, and         values are 
more uncertain; this propagates as uncertainty of risk 

Less 
Stratified 

Highly 
Stratified 

Stratification affects flow and transport parameters 
and risk 

Siirila et al., AWR, 2012 
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What about geochemistry and 
reactive transport? 

• Focus on how simplified geochemical 
and transport processes up-scale and 
affect far-field mixing patterns.   
1. Local (sub-grid) dispersion 
2. Kinetic (rate-dependent) sorption 

 

Bearup et al 2012; Atchley et al 2013; Navarre-Sitchler et al 2013; Siirila and Maxwell, 2012 

• Are there feedbacks between local and macro-scale 
processes? 

 

• What is the impact on risk? 
 





 
 

Bearup et al., 2012 ES&T 

We can use geochemical simulations to understand role of kinetics 



We can compare a range of approaches, 
each with their own simplifications 

• Simplified transport (streamline 
approach) 

• Simplified uncertainty (3D geochemical 
reactive transport) 

• Simplified geochemistry (particle 
tracking) 

Atchley et al 2013; Navarre-Sitchler et al 2013; Siirila and Maxwell, 2012 





SLIM-FAST 
Trace Streamline paths 
from Capture Zone. 

ParFlow 
Solve groundwater Flow for 
Specific boundary conditions 
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∂c
∂t

+
∂c
∂τ

= 0
Streamline Transform 

CrunchFlow 
Solves Reactive Transport along streamlines 

Many 1-D Streamlines 3-D representation of a well 
capture area 

 All computations were performed on an 8 core linux machine.  

In this approach, transport can be modeled independently on many 
deconvolved 1D streamlines and as function of time ( ).           
 



A hypothetical continuous CO2 leak is introduced to an aquifer up gradient 
from a pumping well used for domestic purposes 

Source zone 
X: 100-105m 
Y: 145-155m 
Z: 2-15m 

Well Location: 
X: 1000m, Y: 150m,  
Z: 25-55m 
Pumping Rate: 300 [m3/d] 

Domain Size and Flow Conditions 
 

Geochemical Conditions for Initial Aquifer 
Conditions and CO2 leak.  

  Length (m) Discretization 
(m) 

Number of 
Cells 

Corr. Length 
(m) 

Total Number of 
Cells 8,000,000 

X 1200 3 400 10 K(mean) [m/d] 52 

Y 300 3 100 10 Porosity  0.33 

Z 60 0.3 200 1 Average Gradient  0.00443 

Condition pH PCO2(g) 
[bar] 

PO2(g) 
[bar] 

Quartz 
[% vol] 

Galena 
[% vol] 

Calcite 
[% vol] 

Charge 
Balace 

Initial Aquifer 7 0.01 1x10-70 64 0.1 3 Cl- 

CO2 Leak 4.5 30 1x10-70 64 0.1 3 Na+ 

Atchley et al AWR 2013 



We change the variance (σ2
lnK) in a parametric sensitivity study 

 

The affect that hydraulic conductivity variance (σ2
lnK) has on geochemical processes and 

chemical conditions at a pumping well are investigated by simulating  100 realizations with σ2
lnK 

of 1, 3.6, and 16.  
 
σ2

lnK = 1 σ2
lnK = 3.61 σ2

lnK = 16 

In addition σ2
lnK = 8.5 was also simulated without geochemistry.  

~ streamline travel time color coded in years. 

Atchley et al AWR 2013 



 Efficient computation times for the streamline approach are achieved by 
simulating reactive transport in parallel on streamlines that connect the source 
zone to the pumping well.  

Streamline efficiency enables makes these simulations feasible  
 

Key to achieving this domain simplification are the 
assumptions:  
 

1.  Transverse mixing between streamlines has a negligible 
affect on the chemical conditions of each streamline.  
 

1.  Hydrological system can be accurately represented in a 
steady state condition.   
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Solving Flow Domain 

Streamline Tracing 

Solving Reactive 
Transport 

Tot. Simulation Time 

lnK var 
Tot. 

Simulation 
Time (hr) 

Tot. 
Streamlines 

Modeled 

1 13.6 1234 
3.61 24.3 2874 
16 24.0 1456 

 Time to solving reactive 
transport along streamlines is 
proportional to the number of 
streamlines simulated. 

Time  
[min] 

σ2
lnK 

Simulated on an 8 core linux machine 

Atchley et al AWR 2013 



Ensemble results show pH and Lead concentration changes at the 
pumping well. 

Atchley et al AWR 2013 



Why is the peak lead concentration at a  σ2
lnK of 3.61? 

Atchley et al AWR 2013 



1 Probability of a given 
realization having 
streamlines connecting the 
source zone to the well. 
 
 
 

2 Solute residence time 
between the source zone 
and the well. 
 
 
 
 

3 Ensemble flux from the 
source zone to the well. 
 
 
 
 
 

 
 

Ensemble Results are a product of: 

 Increasing number of realizations with 
streamlines crossing the source zone 
results in increasing ensemble 
concentration. 

 Shorter residence time results in 
higher lead concentration and low pH 
at the well  

 As σ2
lnK increases solute travel time 

decreases.  

Peak concentration a combination physical and geochemical factors  

 Increases of flux from the source zone 
results increases in concentration per 
realization. 

 As σ2
lnK increases the average 

percentage of flux from the source 
zone decreases after a peak at σ2

lnK 
3.61 .   



Streamline simulations integrate easily into our risk 
assessment framework 

Atchley et al EST in review 





80 simulations 
2048 processors  
0.6 hours wall clock 
> 1200 hrs / simulation 
 
> 11 years total 
processor time on 
Jaguar 
 

Grid discretization: 
9 m x 9 m x 0.9 m 
 
5.4 M Grid Cells 
54 M dof 

For this work we use 3D geochemical reactive transport 

Navarre-Sitchler et al AWR 2013 



Geostatistically distributed permeability – 10 
realizations each are based upon Siirila et al (2012) 

Properties typical of fluvial or glacial outwash sand 
and gravel aquifers  
 

High Anisotropy 

Low Anisotropy 

Navarre-Sitchler et al AWR 2013 



High Anisotropy 

Low Anisotropy 

Navarre-Sitchler et al AWR 2013 



Maximum Pb2+ concentration predicted is < 1 µm L-1    
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Navarre-Sitchler et al AWR 2013 



Long-term water quality monitoring data shows 
that bicarbonate is a better indicator of leakage in 
simulated cases 

Are these realistic predictions? Navarre-Sitchler et al AWR 2013 





1.  Local (sub-grid) dispersion 
 

Siirila and Maxwell, WRR, 2012 

Focusing on two small scale processes: 

Bellin et al., 2004 

Local 
dispersion can 
be neglected 

 

mm-scale imposed mixing 



2. Kinetic (rate-dependent) sorption 
 
 

Siirila and Maxwell, WRR, 2012 

Focusing on two small scale processes: 

Local Equilibrium Assumption Kinetic 



time (d) 

C
  (

m
g 

L-1
) 

tpk,tracer 
tpk,LEA tpk,Kin 

96 ensembles  
Per ensemble:  
• 200 realizations 
• 4 wells 

 

76,800 BTCs to 
statistically 
compare 

1. Sorption: 
• LEA 
• Kinetic “slow” 
• Kinetic “fast” 
•  Tracer 

2. Local dispersion 
• Pe = ∞ 
• Pe ≠ ∞ 

3. Anisotropy 
• ε = 0.1 
•  ε = 0.006 

4. Mean groundwater 
velocity 
• v = 0.001 m/d 
• v = 0.01 m/d 
• v = 0.1 m/d 

5. Continuous and pulse 
sources 

Sensitivity analysis 

Siirila and Maxwell, WRR, 2012 



time (d) 

C
  (

m
g 

L-1
) 

tpk,LEA 
tpk,Kin 

Reff,LEA = tpk,LEA 

         tpk, tracer 

Effective Retardation as seen in far field conditions 

Siirila and Maxwell, WRR, 2012 

 
 
 tpk,tracer 

Reff,Kin = tpk,Kin 

        tpk, tracer 



Cpk,Kin/Cpk,trac

er (-) 

Cpk,Kin/Cpk,trac

er (-) 

Excluding Local Dispersion (Pe=∞) 

Including Local Dispersion (Pe≠∞) 

Reff,Kin (-) 

Macroscale effective retardation demonstrates out of equilibrium 

Reff,LEA 

Siirila and Maxwell, WRR, 2012 
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Implications: Carcinogenic, Human Health Risk 

Siirila and Maxwell, WRR, 2012 





Traditional, Time Independent Framework does not 
consider plume arrival  

max 

time (y) 

co
nc

en
tr

at
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n 
(m

g 
L-1

) 

Risk is only calculated during 
this period of contamination 

 
 



Multiple computations of Time Independent (TI) risk (left) are used to 
compose the risk cube used in Time Dependent (TD) risk (right)  
 
*Unlike in TI risk, using TDRA discerns information on how Uncertainty, 
Variability, and Risk change as a function of time  

So we developed a Time-Dependent Risk Assessment (TDRA) 

Siirila and Maxwell, STOTEN, 2012 



Ri
sk

 (-
) 

time (y) 

LEA Signal 

RAL 

time (y) 

Kinetic Signal 

d(Risk)/dt d(Risk)/dt 

Siirila and Maxwell, STOTEN, 2012 

In this example, the percent of time over the RAL 
for an of ED = 70 (y): 

• LEA: 62% 
• Kin: 94% 

TDRA provides information on when and for how long risk occurs  



Conclusions: Tools Developed 

A framework to quantify human health risks from CO2 leakage due to 
metal mobilization 

A time dependent risk assessment (TDRA) framework to quantify 
human health risk as a function of time. 

A streamline geochemical reactive transport model that can address 
heterogeneity, uncertainty very efficiently 



Conclusions: 
Aquifer stratification controls solute behavior:  

• A low degree of stratification increases plume mixing 
• Results in varying magnitudes and U/V of risk 
• Subsurface uncertainty greatly affects risk assessment 

 
Variance of hydrological conductivity influences uncertainty and risk 
of groundwater contamination.   
 
Hydrological heterogeneity governs the flux from a possible 
contamination zone to a pumping well, contributing to solute 
dilution.  
 
Cancer risk is not only sensitive to large-scale hydrologic parameters 
(such as anisotropy) but also mm-scale processes 
 



Conclusions: 
Streamlines efficiently solve coupled geochemical and hydrological 

transport problems allowing for stochastic methods to account for 
subsurface uncertainty in a human health risk framework.  

 
Regional scale equilibrium was not generally seen even when 

indicators (e.g. Damköler number) suggest local equilibrium 
 
The time-dependent methodology reveals information otherwise 

lost in a time independent methodology, such as when risk will 
occur and how long it will persist 

 
Though we saw evidence of complex, far-field geochemical reactive 

transport (e.g. pH breakthrough at the well) in general, for our 
hypothetical scenarios human health risk from CCS leakage was 
low 

 



Recommendations: 

Risk is sensitive to hydrologic flow parameters and warrants further 
examination in CCS risk assessment 

 
pH may not be a good indicator of CO2 leakage, other indicators with 

lower natural variability (bicarbonate) might be more robust 
 
While nondimensional variables (e.g. Damköler number) provide 

insight into contaminate equilibrium, care must be used when 
scaling from local (< m) to regional (km) scales 

 
 
 



Thank you! 
 

Thank you! 

Reed Maxwell, rmaxwell@mines.edu    
John McCray, jmccray@mines.edu 
Alexis Navarre-Sitchler, asitchle@mines.edu 
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